Patients with cystic fibrosis (CF) suffer from chronic lung infection and inflammation leading to respiratory failure. Vitamin D deficiency is common in patients with CF, and correction of vitamin D deficiency may improve innate immunity and reduce inflammation in patients with CF. We conducted a double-blinded, placebo-controlled, randomized clinical trial of high-dose vitamin D to assess the impact of vitamin D therapy on antimicrobial peptide concentrations and markers of inflammation. We randomized 30 adults with CF hospitalized with a pulmonary exacerbation to 250 000 IU of cholecalciferol or placebo, and evaluated changes in plasma concentrations of inflammatory markers and the antimicrobial peptide LL-37 at baseline and 12 weeks post intervention. In the vitamin D group, there was a 50.4% reduction in tumor necrosis factor-a (TNF-a) at 12 weeks (Po0.01), and there was a trend for a 64.5% reduction in interleukin-6 (IL-6) (P ¼ 0.09). There were no significant changes in IL-1b, IL-8, IL-10, IL-18BP and NGAL (neutrophil gelatinase-associated lipocalin). We conclude that a large bolus dose of vitamin D is associated with reductions in two inflammatory cytokines, IL-6 and TNF-a. This study supports the concept that vitamin D may help regulate inflammation in CF, and that further research is needed to elucidate the potential mechanisms involved and the impact on clinical outcomes.
INTRODUCTION
Cystic fibrosis (CF) is the most common life-shortening, inherited disease among Caucasians in the United States. Chronic pulmonary infection and inflammation lead to respiratory failure, the most common cause of morbidity and mortality in CF. 1 Pulmonary inflammation is associated with poor outcomes, and antiinflammatory therapies have had limited extended use owing to adverse side effects. 2 Vitamin D insufficiency has been estimated to affect up to 90% of the adults with CF. 3 Vitamin D has been shown to suppress in vitro and in vivo the production of proinflammatory cytokines, such as interleukin-6 (IL-6), IL-8 and tumor necrosis factor-a (TNF-a), as well as increase the production of the antimicrobial peptide (AMP), LL-37, from CF respiratory epithelial cells. [4] [5] [6] Increased production of LL-37 and decreased production of inflammatory messengers may reduce pulmonary complications in CF and improve clinical outcomes. The purpose of this communication is to describe the impact of a vitamin D repletion strategy on markers of inflammation and LL-37 in adults with CF during pulmonary exacerbation.
MATERIALS AND METHODS

Study design
As described previously, adult CF patients of the Emory University CF Center hospitalized for treatment of a pulmonary exacerbation were eligible.
After consent was obtained, subjects were randomized to either 250 000 IU cholecalciferol or placebo. Blood samples were obtained at baseline, 1 week and 12 weeks. 7 
Analytical methods
Serum IL-1b, IL-10, IL-18-binding protein (IL-18BP) and plasma IL-6, IL-8 and TNF-a were assessed by DuoSet ELISA (R&D Systems, Minneapolis, MN, USA), and plasma LL-37 by ELISA (Hycult Biotech, Uden, The Netherlands). All cytokine measurements were recorded in duplicate. Pancreatic insufficiency was assessed by the requirement for physician-prescribed pancreatic enzymes.
Statistical analysis
All statistical analyses were completed using SAS 9.3 (SAS Institute, Cary, NC, USA). This was a secondary analysis; the original study was designed to provide 90% power to detect a 10 ng/ml difference in serum 25(OH)D between the groups at a significance level of a ¼ 0.05. Variables were assessed for normality, and the following variables were transformed because of their right-skewed distributions before inclusion in statistical analyses: IL-1b, IL-6, IL-10 and LL-37. Paired t-tests were applied to assess within-group changes in mean serum/plasma concentrations from baseline. Mixed-effects linear regression models with a random intercept to account for within-subject clustering of data were used to evaluate the difference in mean serum/plasma concentrations of the vitamin D and placebo group at each time point, based on repeated measurements of IL-1b, IL-6, IL-8, IL-10, IL-18BP, TNF-a, NGAL (neutrophil gelatinaseassociated lipocalin) and LL-37. The following confounders were assessed: age, BMI, sex, race, CFRD (cystic fibrosis-related diabetes), pancreatic insufficiency, lung function measured as baseline forced expiratory volume in one second, % of predicted, and vitamin D intake.
The confounders found to significantly impact the random intercept model were forced expiratory volume in one second, % of predicted, CF-related diabetes, pancreatic insufficiency and age. The variables whose mean values were significantly different between treatment groups at ao0.10, were adjusted for these confounders.
RESULTS
Baseline demographics have been reported elsewhere. 7 There were no statistically significant differences in the demographics of the two groups. There were also no significant differences between the groups in the qualitative microbiological analysis of sputum specimens at the time of hospitalization or the types of antibiotic therapy prescribed during hospitalization. 7 As previously reported, in the vitamin D group, serum concentrations of 25(OH)D increased at 1 week and 12 weeks, that is, 27.5 ± 13 and 6.2±11 ng/ml, respectively (Po0.001 and 0.06); there was no significant change in the placebo group. 7 At 12 weeks, mean serum TNF-a concentrations in the vitamin D group were significantly less than those in the placebo group (Table 1) . Compared with baseline, TNF-a decreased 3.54±8.3 and 27.62 ± 8.4 pg/ml at 1 week and 12 weeks, respectively (P ¼ 0.60, 0.0002); when adjusted for confounders, the change in TNF-a remained statistically significant. In the placebo group, there was no significant change in TNF-a from baseline at 1 week or 12 weeks (Figure 1) . At 1 week, there was a trend for decreased plasma IL-6 concentrations in the vitamin D group compared with the placebo group (Table 1) . Compared with baseline, mean plasma IL-6 concentrations decreased significantly in the vitamin D group: 24.91 ± 8.4 pg/ml (P ¼ 0.004) at 1 week and 18.84 ± 11.8 pg/ml (P ¼ 0.4) at 12 weeks; there was no significant change from baseline in the placebo group at 1 week or 12 weeks (Figure 1) .
Comparison of the mean concentrations of markers of inflammation and LL-37 are summarized in Table 1 . In IL-1b, IL-10, IL18BP, NGAL and LL-37, there were no significant differences in the mean values between groups at any time point. Both groups exhibited a significant increase in IL-8 concentrations from baseline to 12 weeks. Therefore, the change in IL-8 concentration (baseline to 12-weeks) was compared between the groups. This change did not differ significantly between the groups; the increase in IL-8 concentration in the placebo group was 17.2% and in the vitamin D group was 14.3% (P ¼ 0.2) DISCUSSION Inflammation is an important contributor to CF disease progression, and anti-inflammatory therapies may improve clinical outcomes. 2 In CF, increased inflammation has been associated with reduced lung function. 1 The hormonal form of vitamin D, 1,25-dihydroxyvitamin D has been shown to increase the production of the AMP, LL-37 from cultured CF respiratory epithelial cells and reduce concentrations of inflammatory markers. 4, 6 Antiinflammatory therapies have been shown to improve lung function and slow disease progression in CF. However, antiinflammatories such as corticosteroids have undesirable sideeffect profiles that vitamin D does not have. 2 Therefore, vitamin D supplementation is an attractive method that may reduce the bacterial burden and inflammation in the CF lung and improve lung function. Given the high prevalence of insufficiency, vitamin D should be evaluated for its potential to increase LL-37 and reduce inflammation. 3 This is the first evaluation of multiple markers of inflammation, and the AMP LL-37 in response to a marked increase in 25(OH)D produced by high-dose vitamin D supplementation during a CF exacerbation. The data we present indicate that vitamin D supplementation may reduce systemic concentrations of IL-6 and TNF-a.
Vitamin D may reduce transcription of inflammatory cytokines through modulation of nuclear factor kB and mitogen-activated protein kinase pathways. 2, 8 Serum 25(OH)D concentrations have been negatively correlated with the proinflammatory marker, IgG, and positively correlated with lung function in cross-sectional studies of CF subjects.
9,10 Pretreatment of isolated CF epithelial cells with the hormonal form of vitamin D 1,25(OH) 2 D, decreases the secretion of IL-8 and IL-6 in response to antigen stimulation. 4 1,25(OH) 2 D has also been shown to increase the production of LL-37, the AMP and hCAP-18 (human cathelicidin antimicrobial protein) mRNA from which it is synthesized. 4, 6 In this randomized, controlled trial, we have found that increasing vitamin D status in CF subjects may also reduce concentrations of proinflammatory markers. 
